Early 2 factor (E2F) family transcription factors participate in myriad cell biological processes including: the cell cycle, DNA repair, apoptosis, development, differentiation, and metabolism. Circadian rhythms influence many of these phenomena. Here we find that a mammalian circadian rhythm component, Cryptochrome 2 (CRY2), regulates E2F family members. Furthermore, CRY1 and CRY2 cooperate with the E3 ligase complex SKP-CULLIN-FBXL3 (SCF FBXL3 ) to reduce E2F steady state protein levels. These findings reveal an unrecognized molecular connection between circadian clocks and cell cycle regulation and highlight another mechanism to maintain appropriate E2F protein levels for proper cell growth.
These findings highlight a more widespread substrate repertoire of CRY2 and SCF FBXL3 mediated degradation and further supports the interconnection between circadian clocks and cell cycle progression.
Results
E2F target genes are upregulated in Cry2 −/− compared to Wildtype Mefs. To determine how the global transcriptome is altered in wildtype (WT) and Cry2 −/− cells in an unbiased manner, we performed gene set enrichment analysis (GSEA) on RNA-sequencing (RNA-seq) data from WT and Cry2 −/− mouse embryonic fibroblasts (MEFs). Following synchronization of circadian rhythms with the synthetic glucocorticoid agonist dexamethasone 13 . When analyzed as a group 25 , expression of 200 transcripts defined as hallmark 26 E2F target genes (Table S1 ) exhibits a small but highly consistent elevation in Cry2 −/− MEFs compared to WT (Fig. 1A,B ). We used RNA samples isolated from independently synchronized WT and Cry2 −/− cells to evaluate the reproducibility of The top portion shows the running enrichment score (ES) for the gene set as the analysis walks down the ranked list. The middle portion shows where the members of the gene set appear in the ranked list of genes. The bottom portion shows the value of the ranking metric as you move down the list of ranked genes. The ranking metric measures a gene's correlation with a phenotype (FDR q-value = 0.07). RNA sequencing data from 13 . (B) Heatmap from RNA sequencing in primary MEFs at the indicated times after circadian synchronization with dexamethasone. Colors represent high (red) to blue (low) expression. The associated ranked gene names are provided in Table S1 . (C) Expression of indicated transcripts in primary WT (black) and Cry2 −/− (gray) MEFs at indicated times (hours) after dexamethasone treatment. Data represent mean ± s.e.m. of 2-3 biological triplicates each analyzed in triplicate. *p < 0.05, **p < 0.01, ****p < 0.0001 by two-way ANOVA with Tukey's multiple comparisons for effect of genotype.
Steady state levels of E2F1, E2F4, and E2F8 are decreased in the presence of CRY2 and FBXL3. CRY2 can act as a co-factor to enhance turnover of c-MYC and TLK2 through interaction with FBXL3 13, 17 . To determine whether CRY2 and FBXL3 similarly influence E2F family proteins, we measured overexpressed E2F protein levels in the presence or absence of overexpressed human CRY2 (hCRY2.1) and FBXL3. The steady state protein levels of all three E2F proteins studied (E2F1, E2F4, and E2F8) were markedly decreased in the presence of CRY2 and FBXL3 ( Fig. 3A-C ). This decrease of E2F1, E2F4, and E2F8 protein levels in the presence of human CRY1/CRY2 and FBXL3 was partially mitigated with treatment of MG-132, a reversible proteasome inhibitor. The impact of MG-132 treatment seems to be greatest for E2F4 in the presence of FBXL3 combined with either CRY1 or CRY2 and for E2F8 in the presence of CRY1 and FBXL3 (Fig. S2 ). The robust effect on steady state protein levels makes it difficult to interpret effects on the turnover of overexpressed proteins, but the turnover of overexpressed E2F1 appears to increase in the presence of overexpressed FBXL3 and CRY2 ( Fig. S3 ).
Deletion of endogenous Cry1/2 impacts E2F protein levels.
To determine whether endogenous CRY1 and CRY2 impact E2F protein levels, we stably expressed tetracycline-inducible FLAG-tagged human E2F1, E2F4, or E2F8 in WT or Cry-deficient adult mouse ear fibroblasts (AMEFs) (Figs. 4 and Fig. S4 ). Since E2F proteins are involved in cell cycle regulation, we induced their expression at low and high plating densities (20% and 100%) to capture both proliferating and growth-arrested conditions. E2F1 protein levels are elevated when Cry1 is deleted, but not when Cry2 or both Cry1 and Cry2 are deleted at both plating densities ( Fig. 4A-D) . Even though E2F1 protein abundance is significantly increased in the absence of Cry1 (Fig. 4B,D) , the E2F1 protein levels are highly variable, and loss of Cry1 also seems to impact expression of exogenous E2F1 mRNA ( Fig. S5 ) making us less confident in the biological significance of the increased E2F1 in the Cry1 −/− genotype. E2F4 protein is robustly increased in cells lacking either CRY1 or CRY2, regardless of confluency ( Fig. 4E-H ). E2F8 protein levels are dramatically increased in the absence of Cry1, regardless of cell confluency ( Fig. 4I -L) suggesting that CRY1 may play a more important role than CRY2 in the regulation of E2F8 protein abundance. We tried to detect endogenous mouse E2F1, E2F4, and E2F8 protein levels in AMEFs; however, we could not confidently detect endogenous mouse E2F1, E2F4, or E2F8. Although we were not able to confirm its specificity with shRNA or E2F8 −/− cells, the anti-E2F8 antibody detects a protein at the correct molecular weight (indicated by arrow), which is increased in all Cry1/2-deficient genotypes, further supporting our findings regarding E2F8 ( Fig. S6 ). Cry1/2 genotype had little to no effect on the expression of endogenous E2f1 or E2f4 mRNA ( Fig. S5 ). Interestingly, as we have observed for other doxycycline-inducible systems 17 , doxycycline-induced expression of human E2F1 or E2F4 mRNA was sometimes elevated in Cry-deficient cells compared to WT ( Fig. S5 ). Because the upregulation of doxycycline-induced expression of human E2F4 mRNA across the genotypes did not follow the same trends observed at the protein level ( Fig. 4) , CRYs seem to impact E2F4 protein abundance post-translationally. The robust impact on E2F8 protein level suggests that it may also be a target of CRY1/2-dependent post-translational regulation. All in all, these data support our hypothesis that CRY1 or CRY2 can decrease E2F4 and E2F8 protein levels by recruiting them to SCF FBXL3 .
Discussion
We find that E2F target genes are slightly but consistently upregulated in Cry2 −/− MEFs compared to matched WT control cells. Cry2 −/− MEFs proliferate faster than WT MEFs 13 , which may be effected by higher expression of c-MYC as we have previously documented 13 and could also be influenced by enhanced E2F activity. CRY2 could also influence cell growth through its partner PER2, which has been found to modulate the stability and nuclear translocation of p53 15, 27 , and/or through the actions of the core clock activating complex of CLOCK and BMAL1. It is likely that CRY2 acts in multiple ways to influence cell growth; dissecting the relative contributions of each of these mechanisms to increased proliferation in CRY2-deficient cells will require extensive additional investigation.
Here, we find that both activator and repressor E2F family transcription factors interact with FBXL3 and these interactions are enhanced by CRY1 and/or CRY2. Intriguingly, the representative members of the repressor subfamilies, E2F4 and E2F8, interact more strongly with CRYs and FBXL3 than does the canonical activator E2F1. While we did not identify the region(s) of the E2F proteins that interact with FBXL3 and/or CRYs in this study, these differences likely reflect preferential interaction with amino acid sequences that are conserved in the repressor subfamilies. These observations are also consistent with the greater impact of CRY1/2 overexpression Scientific RepoRtS | (2020) 10:4077 | https://doi.org/10.1038/s41598-020-61087-y www.nature.com/scientificreports www.nature.com/scientificreports/ or genetic deletion on protein levels of overexpressed or endogenous repressor E2F family members, E2F4 and E2F8, compared to the activator E2F1.
The observed greater sensitivity of steady state protein levels of repressor E2F family members to the loss of Cry2 is counterintuitive in the context of the significant elevation of E2F target gene expression in Cry2 −/− MEFs. However, we only assessed the impact of CRY regulation of a select subset of the E2F family; it is possible that E2F2 and/or E2F3 are significantly stabilized in the absence of CRY2 and contribute to the observed effects on gene expression. Conversely, other E2F repressors may be more responsive to the genetic manipulation of Crys than E2F4 and E2F8 are. Given that CRYs repress the transcriptional activity of CLOCK-BMAL1 28 and of several nuclear hormone receptors 9 , CRYs may suppress the transcriptional activity of activator E2Fs or directly mediate transcriptional repression conferred by repressor E2Fs. If they do, that could also explain the increased expression of E2F target genes in Cry2 −/− cells. Indeed, analyzing Chromatin-immunoprecipitation (ChIP) sequencing data from mouse livers across circadian time (GSE39860) 8 reveals that endogenous CRY1 and CRY2 are associated with the genomic loci containing many of the 200 "hallmark" E2F target genes in mouse livers, and at least some of these sites are not bound by other circadian transcription factors, supporting the idea that CRYs could independently regulate E2F family members bound to chromatin (Table S2 ). Additionally, E2Fs could have unexpected transcriptional activities in the context of CRY-deficient cells. Finally, some evidence suggests that E2F family members cannot be easily classified into activators and repressors 29 , and the increased expression of E2F target genes in Cry2 −/− AMEFs may reflect increased target gene activation by E2F family members that are thought to act as repressors.
A recent study demonstrated that CYCLIN F interacts with and promotes the degradation of activator E2Fs to restrict E2F activity to the S phase of the cell cycle 24 . Our finding that CRYs modulate E2F protein abundance suggests a mechanism by which their abundance and activity could be regulated by circadian cycles. Disruption of circadian rhythms, such as that experienced by shift workers, increases the risk of cancer and other pathologies 30 . E2Fs have been implicated in cancer 18, [30] [31] [32] , and disruption of their modulation by CRYs could contribute to the elevated cancer risk caused by circadian disruption. Methods cell culture. Cell culture methods were the same as in 17 . In brief, all primary mouse embryonic (MEF) and adult mouse ear (AMEF) fibroblasts cells were prepared from embryos collected at E15.5 or from ear biopsies of adult mice respectively, and were passaged no more than 10 times as in 17 . Cells were grown in complete Dulbecco's Modified Eagle Medium (DMEM) (Invitrogen cat #10569) supplemented with 10% fetal bovine serum (FBS) (HEK 293T cells) or 15% FBS (MEFs and AMEFs), and 1% penicillin and streptomycin. HEK 293T cells were grown in a 37 °C incubator maintained at 5% CO 2 and 20%O 2 (high oxygen) and MEF cells were grown in a 37 °C incubator maintained at 5% CO 2 and 3% O 2 (low oxygen). Transfections were carried out using polyethylenimine (PEI; Polysciences Inc catalog #23966-2) by standard protocols. After 24 hours, the HEK 293T cell media was again replaced and protein extracts were isolated 48 hours post transfection. Cycloheximide (CHX) (Fisher www.nature.com/scientificreports www.nature.com/scientificreports/ cat# 50255724) was used at a concentration of 100 µg/mL as indicated. Cells were treated with 10 μM MG-132 (Sigma cat# C2211-5MG) for 4-5 hrs prior to lysis.
Generation of viruses and stable cell lines.
Methods were the same as in 17 except lentiviruses expressing pCW-2xFLAG-E2F1 E2F4, or E2F8 were used.
Doxycycline induction of stable cell lines.
Methods were the same as in 17 : AMEF cells of the indicated genotypes stably expressing pCW-2xFLAG-E2F1, pCW-2xFLAG-E2F4, or pCW-2xFLAG-E2F8 were treated with 1 μM doxycycline (Sigma cat # D9891) for 48 hours to induce 2xFLAG-E2F1 or 2xFLAG-E2F4 expression.
Immunoprecipitation and western blotting. HEK 293T whole cell extracts for co-IP were prepared using lysis buffer containing 1%TX-100, 50 mM HEPES (pH 7.4), 138 mM KCl, 4 mM NaCl, 50 mM sodium pyrophosphate, 100 mM sodium fluoride, 10 mM EDTA, 1 mM EGTA pH 8, 50 μM PMSF, 1 mM β-Glycerophosphate, 1 mM sodium orthovanadate, and protease inhibitors (Thermo Scientific cat # 88265) as previously described (Lamia et al., 2004) . Immunoprecipitation was performed using anti-Flag M2 agarose beads (Sigma cat #A2220). Antibodies for Western Blots were anti-FLAG polyclonal (Sigma cat #F7425), anti-V5 polyclonal (Bethyl Labs cat# A190-120A), anti-HA polyclonal (Sigma cat # H6908), anti-α-TUBULIN (Sigma cat # T5168), anti-E2F1 (Santa Cruz KH95), anti-E2F8 (Abcam ab109596), CRY1-CT and CRY2-CT 11 . For CHX assay, HEK293T cells were lysed with a RIPA Buffer containing 1% TX-100, 147 mM NaCl, 12 mM Sodium deoxycholate, 0.1% SDS, 50 mM Tris pH 8.0, 10 mM EDTA, 50 μM PMSF, 1 mM β-Glycerophosphate, 1 mM Sodium Orthovanadate and protease inhibitors (Thermo Scientific cat # 88265).
plasmids. pcDNA3-HA-mCRY2, pcDNA3-HA-mCRY1, and pcDNA3-FBXL3-V5 are as previously described 13 . cDNA encoding human E2F1, E2F4, E2F8, hCRY2.1, and FBXL3 were generated by RT-PCR from RNA extracted from HEK 293T cells. E2F1, E2F4, E2F8, hCRY2.1, and FBXL3 cDNAs were cloned into pcD-NA3.1-based FLAG-epitope tagged vector or pcDNA3.1-based HA-epitope tagged vector using standard protocols. The FLAG-epitope tag was removed from pcDNA3.1-based FLAG-epitope tagged hCRY2.1 using Q5 Site-Directed Mutagenesis (New England Biolabs Inc. cat # E0554S). psPAX plasmid (Addgene plasmid 12260) and pMD2.G plasmid (Addgene plasmid 12259) deposited by Dr. Didier Trono, and used for infection, were purchased from Addgene. pCW-Cas9 was a gift from Eric Lander & David Sabatini (Addgene plasmid # 50661) 33 and the Cas9 sequence was replaced with 2x-FLAG-E2F1, E2F4, or E2F8 cDNA using the Gibson Assembly Ultra Kit (Synthetic Genomics Inc. cat # GA1200-10).
Quantitative RT-PCR (qPCR). Methods were the same as in 17 .
Primers used for qPCR primer name
Forward (5′-3′) Reverse (3′-5′) 
